Introduction
Utilization of intense relativistic electron beams to accelerate significant current of ions to high energy has been proposed by a number of researchers recently.1-5 One of the most promising of these schemes, advanced by Sloan and Drummond,5 is the Autoresonant Accelerator (ARA), involving self-consistent growth of discrete cyclotron waves in intense relativistic electron beams with subsequent trapping of ions in their potential wells indicates that it is negative energy, and so is susceptible to exponential amplification under certain conditions. On the other hand, the properties of large amplitude cyclotron waves, including propagation, stability, and sensitivity to nonideal beam states, are relatively unknown. Analytic study of these questions has been undertaken, but the validity of such models is unproven. To help resolve questions about the nonlinear wave properties, we have conducted a combined analytic and numerical investigation of the self-consistent electron beam/cyclotron wave system. Numerical studies have been conducted primarily on a fully relativistic, electromagnetic, 2-dimensional, variable geometry particle simulation code, CCUBE6 This code is unique in its generality and flexibility. As such, it is well suited for study of not only the ARA scheme, but also such proposals as the localized pinch model ,LPM)2 and the traveling virtual cathode accelerator.
These studies will be reported elsewhere.
Linear Dispersion in Radially Inhomogeneous Beams
The usual procedure for finding a dispersion rela- The amplitude of this launched wave was large but fixed, with a peak potential of ea 1 MeV. No self-consistent growth of the wave was purported. The calculation was intended only to study the stability of a nonlinear cyclotron wave, loaded with a nominal number of ions(ni/n < 10-3), and propagating in an inhomogeneous magnetic field. As Figure 3 , a schematic depiction of the simulation geometry, shows, the transverse dimension of the waveguide, and so the magnetic field, flared in this conical simulation as a function of distance from the anode. The divergence half-angle, i=.016 rad, was chosen so that this transverse dimension would double over the length of the tube. The magnetic field strength thus decreased by a factor of 4. Examination of the slow cyclotron dispersion «ela-tion, Eq (1), shows that the phase velocity vPh= -continually increases as the wave propagates uown the waveguide. For these parameters, the phase velocity should have increased from v =.05 c to v =.16 c, a 10-fold increase in the traped ion energy if they remain trapped.
The simulation results were that once the ions were loaded into the potential wells, they remained stably trapped. The wave itself showed no destructive in5stability as it was accelerated, althou6h it seeaed to phase mix near the end of waveguide. Careful analysis of the simulation and comparison with numerical dispersion solutions indicates that the excited wave may have been a continuum, not discrete, wave, and so would be expected to decay secularly. It was otherwise similar enough to the discrete wave, that this latter's stability may also be presumed. The measured ion energy was found to be amplified by a factor of almost 10. These figures are modest, but they indicate the large amplitude cyclotron waves containing trapped ions can be accelerated without violent disruption of the waves. Some of the numerical results are shown in Figure 4 , which has been replotted onto a rectangular grid for convenience of illustration.
Sheath Helix Growth Mechanism
Experimentally, it will not be as easy to excite a wave with predetermined characteristics as in the artificial technique described above. The wave must be self-consistently grown, extracting energy directly from the beam. we have employed our radially inhomogeneous root solver, with a sheath helix, to investigate this instability.
Typical configuration parameters for reactively w growing.the cyclotron wave are beam radius $P R =2.65, sheath radius -p R =3.2, and waveguide radius of -p Ro=4.8. The dispersion of the guided electromagnetic waves is related to the helical pitch angle,ik approximately as W =+ kV sin (4) When the frequency curves, Eqs (1) and (4), intersect, instability occurs, leading to simultaneous growth of the positive energy electromagnetic wave and the negative energy cyclotron wave. Figs. 5 and 6 show the frequency and associated growth rate curves for the above parameter with (P=0.26 rad, y =7, v= 1.75, as a function of wavenumber, kc/W .°According to these simple arguments we expect tHe instability to be peaked in the vicinity of Q k = 0 yc ($ -sin+) (5) As Figure 6 indicates the numerical growth peak is at kc/u1 =.323. Full numerical simulation of the wave grgwth process to test the validity of analytic growth expressions and to observe saturation mechanisms have only recently commenced. Results of these calculations should be useful in determining the viability of the ARA concept as a practical ion accelerator, and will be presented at a later date.
In summary, we have studied the linear and nonlinear properties of the slow cyclotron wave in a relativistic electron beam with various numerical tools. We have found that modest acceleration of a small number of ions did not lead to any deleterious results. More exact modeling of the linear cyclotron wave has showed branch cuts in the dispersion relation. These lead to secularly decaying waves where discrete modes had been expected. Since excitation of such a mode would be unsuitable for accelerator applications, it is clearly important to understand which modes are discrete under given conditions. Numerical studies of self-consistent growth and saturation of the slow cyclotron wave are beginning and will be reported in the future. 
